We investigate the response of rotating disks of gas to barlike perturbations in galactic gravitational fields. In particular, two-dimensional, time-dependent, numerical hydrodynamical calculations have been performed in order to determine the steady-state response of disks of gas to rotating, barlike perturbations. Two types of barlike perturbations are considered here: oval distortions in the axisymmetric gravitational field of the disk, and heterogeneous prolate spheroids. The calculations reveal that, in the absence of gaseous self-gravity, a viscous, differentially rotating disk of gas responds to a rotating barlike perturbation by forming a central gas bar with two trailing spiral waves. The local phase of the gas response is primarily a function of the number and spacing of the principal resonances in the disk. This result may be understood in terms of particle orbit theory. The gas response to barlike perturbations also depends on the relative strength and the effective axial ratio of the bar. In these calculations strong, narrow bars produce offset shocks in the central gas bar. These shocks correspond in position to the long, narrow dust lanes observed in many barred spiral galaxies.
I. INTRODUCTION
The observations of systematic, nonaxisymmetric features in the distribution of gas and young stars within disk galaxies are extensive. Most disk galaxies exhibit spiral structure; and many, if not most, disk galaxies contain barlike structure on some scale. Spatially extensive, nonaxisymmetric distributions of gas-such as spiral waves and bars-may in fact reflect the character of the underlying stellar potential field of the disk. The origin and/or maintenance of systematic, nonaxisymmetric gas features in disk galaxies is therefore a topic of considerable interest.
The characteristics of gas flow in generally axisymmetric disks containing spiral perturbations have been extensively studied (see, for example, Lin and Shu 1964; Shu, Milione, and Roberts 1973) . The characteristics of gas flow in disks containing barlike distributions of mass are less well known, despite the results of numerical simulations of stellar disks. Numerical, V-body calculations indicate that barlike instabilities predominate in stellar disks where too high a fraction of the total energy is in rotational energy (Ostriker and Peebles 1973; Hohl 1971; Miller 1976) .
Analytical work on the nature of gas flow about barlike perturbations (Feldman and Lin 1973; Lin and Lau 1975; Korchagin and Marchonik 1976) suggests that barlike stellar structures in the centers of disk galaxies may generate or maintain spiral waves. For example, the analytical calculations of Feldman and Lin (1973) search for the presence of tightly wound spiral waves in nonviscous, self-gravitating, gaseous disks perturbed by bars. The present two-dimensional, numerical, hydrodynamical calculations also indicate that rotating disks of gas may respond to barlike perturbations by forming trailing spiral waves. The present numerical hydrodynamics (along with the work of Sanders and Huntley 1976 , hereafter referred to as Paper 1, and with the calculations of Sorensen, Matsuda, and Fujimoto 1976) considers the dynamics of perturbed, viscous, rotating disks of gas neglecting the effects of gaseous self-gravity. These calculations indicate that barlike perturbations may produce open, trailing spiral waves.
In addition to spiral waves, many galaxies with prominent, barlike distributions of mass display long, straight, narrow, and offset dust lanes (e.g., NGC 1300 and NGC 1365). These dust lanes are offset in the sense that they lie along what appear to be the leading edges of the rotating bar. The present numerical hydrodynamical calculations are capable of producing such offset features in the gas-density distribution of disks perturbed by narrow bars.
The hydrodynamical calculations of Paper I considered oval (20) perturbations of power-law disks. The present calculations contain barlike perturbations of rotation curves which more closely resemble observed galactic rotation curves. Here we show that barlike perturbations of galactic disks, like oval distortions of power-law disks, excite a central gas bar with two trailing spiral waves. In Paper I it was shown that the phase of the gas response to oval distortions depends on the locations of the principal resonances of the system. This result is more clearly demonstrated in the (higher-resolution) model galactic disks presented in this paper. Since the locations of the resonances are themselves functions of the generally axisymmetric rotation curve of the disk, the local phase of the gas response to oval distortions depends primarily upon the nature of the axisymmetric rotation curve and on the pattern speed of the perturbation, Q p . In this paper we also present evidence that the details of the gas response to barlike perturbations depend to some extent on the nature of the perturbing potential.
II. HYDRODYNAMICAL CALCULATIONS
The technique used for solving the time-dependent equations of hydrodynamics is the "beam scheme" developed by Prendergast (Sanders and Prendergast 1974) . The calculations are two-dimensional Cartesian on an 80 x 80 grid. The physical size of a numerical cell is arbitrary and may be expressed as L kpc. The center of the grid corresponds to the center of the model galactic disk. Gas motions are followed over the entire region in the rotating frame of the perturbation in the gravitational potential. Any gas passing through the boundaries of the numerical grid is permanently removed from the system.
Radiative cooling processes are approximately simulated. But because of the high gas densities (a uniform initial value of 0.25 particles cm -2 or 1.8 x 10 -16 M©/L 2 was chosen for all the hydrodynamical models), the gas remains nearly isothermal at all times. The thermal or turbulent velocity dispersion of the gas is chosen to be 17 km s -1 . Test models calculated for velocity dispersions of 10 km s -1 and 25 km s -1 exhibit no significant deviations from the results obtained at 17 km s _1 . The self-gravity of the gas is neglected. That is, we assume that the density of the stellar component far exceeds the gas density everywhere in the modeled galaxy and dominates the gravitational field.
The axisymmetric rotation curves are chosen from a family of solutions to Poisson's equation derived in the thin-disk approximation by Toomre (1963) . For the value of Toomre's parameter « = 1, these rotation curves are:
where a and C are constants. In the central regions of the disk this rotation curve is characterized by a relatively steep rise in rotational velocity with increasing radial distance r. This rotation curve reaches a maximum circular velocity of 2 1/2 C/3 3/2 a at r = 2 1,2 a. Beyond this maximum, rotational velocities undergo a gradual decline. In the four hydrodynamical models presented here, a = 1L.
The rotation curve of equation (1) results from a stellar density distribution of the form (Toomre 1963 )
where G is the gravitational constant.
In the present calculations a rotating, barlike perturbation is added to the stellar density distribution of equation (2) in two ways. The first models consider an oval distortion of the density distribution of equation (2) 
where € Z (a, r, t) is the (small) amplitude of the perturbation. Solutions to Poisson's equation for the perturbed stellar density distribution of equation (3) can be obtained for (Huntley 1977) .¿a, r, t) = ] ; y = 21 -2 (/ = 1, 2, ...).
The function e(i) grows slowly (and nearly linearly) in the numerical models from a value of 0 at i = 0 to a maximum value of e 0 for all t > t 1 . That is, the nonaxisymmetric part of the gravitational potential is turned on slowly so that the gas can quasi-statically adjust to the oval distortion. The perturbed radial and tangential forces resulting from the stellar density distribution of equations (3) and (4) For the final numerical model presented in this paper a prolate spheroidal perturbation is adopted. The mathematical form of the radial and tangential forces resulting from a heterogeneous prolate spheroid is complex (Perek 1962) and will not be presented here. The prolate spheroidal perturbation, like the oval distortion, is evolved slowly in order to maintain a quasi-static equilibrium in the gaseous disk.
In Paper I it was shown that the principal resonances are critical in determining the phase of the gas response to barlike perturbations in our two-dimensional, numerical scheme. The principal resonances, i.e., the so-called Lindblad resonances and the corotation resonance in a gaseous disk, can be defined for the case of negligible pressure by the relation
where m is an integer (m = 2 denotes quadrupole symmetry), Q, p is the pattern speed of the perturbation, 6 0 is the orbital angular frequency of a gas element, k is the epicyclic frequency, and n is an integer. The values n = ±1 are outer and inner Lindblad resonances, respectively; \n\ = oo denotes the corotation resonance; and oo > \n\ > 1 are the higher order or so-called ultraharmonic resonances (Shu, Milione, and Roberts 1973; Woodward 1975) .
III. RESULTS OF THE HYDRODYNAMICAL CALCULATIONS
a) Oval Distortion Models Four hydrodynamical models are presented in this text. The first three models (I, II, and III) contain a sequence of oval distortions of {n = 1) Toomre rotation curves. These three models differ from one another only in the pattern speed of the perturbation, Q p . Model I has the lowest and two inner Lindblad resonances. Model II has a higher Q, p and only one inner Lindblad resonance. Model III has the highest Q. p of the three models and has no inner Lindblad resonance. The numerical values of for each model, as well as the locations of the principal resonances, are listed in Table 1 .
The hydrodynamical models described here reach a quasi-steady state in about 0.25 to 0.5 rotation periods of the bar. This quasi-steady state is maintained for roughly two bar rotations, i.e., until the calculations become severely limited by numerical diffusion (Huntley 1977) .
The steady-state gas density distributions for models I, II, and III are displayed in Figures la, lb, and 1c, respectively. As in Paper I, the predominant gas features of the hydrodynamical models are the open, two-armed, trailing spiral waves in the outer regions of the disk. However, the gas density distribution in the central regions is clearly barlike, with a phase which depends critically on Q p . When there are two inner resonances (model I), the resulting gas bar extends to the outer of these inner resonances and leads the perturbing potential by about 45°. 
NOTES TO Spiral structure begins rather abruptly beyond the second (outer) inner resonance. For a higher perturbation pattern speed, i.e., as the inner resonance region shrinks, the central gas bar becomes more aligned with the perturbing potential and the spiral arms trail more smoothly from the ends of the gas bar (see models II and III in Figs, lb and 1c) . It is most important to emphasize here that, as in Paper I, for a given axisymmetric rotation curve, the phase of the gas response to weak (~ 10%) oval distortions depends critically on the pattern speed of the perturbation. In the models, density enhancements across the inner edges of the spiral arms exceed a factor of 10-particularly in the regions just inside corotation. Such large density enhancements are characteristic of shock formation along the inner edges of the spiral arms (Roberts 1969) . The velocity field of model III (Fig. 2) reveals a highly elliptical pattern of gas flow well inside the corotation region. This elliptical pattern of flow results in large, noncircular gas velocities. Gas inflow and gas outflow occur in adjacent quadrants with velocities on the order of 75 km s _1 . In such a flow, shocks would be characterized by discontinuities in the velocity field. Such discontinuities are most apparent in the gas flow normal to the spiral arms just inside corotation, indicating the presence of shocks along the inner edges of the arms.
b) Prolate Spheroidal Model
The initial conditions for model IV, the {n = 1) Toomre disk with a prolate spheroidal perturbation, are chosen roughly intermediate between those of model III and those of Sorensen, Matsuda, and Fujimoto (1976) . That is, models III and IV have the same D p . But model IV has a perturbation strength approximately equivalent to the perturbed disks of Sorensen et al. The prolate spheroid of model IV has an axial ratio of 4:1 and a major axis which extends out to the corotation resonance.
The density distribution of gas in model IV (Fig. 3) has the same general structure as that of model III, namely, a central gas bar which bends smoothly into two, trailing spiral waves. However, in the prolate spheroidal model, the structure of the central gas bar and the nature of secondary features in the density-distribution of the gas differ from corresponding gas features in the oval distortion models (cf. model III). Most significantly, the central gas bar resulting from the prolate spheroidal perturbation has an extremely straight and narrow density maximum. Gas-density maxima on either side of the center of the disk are parallel to and offset from the minimum of the perturbing potential. This narrow gas bar resulting from the prolate spheroidal perturbation is offset from the minimum of the potential in the sense that the gas-density maxima lead the rptation of the barlike perturbation.
An examination of the velocity of the gas in model IV (Fig. 4) reveals that the character of the gas flow is similar to that of a disk perturbed by an oval distortion (see Fig. 2 ). The gas streamlines resulting from prolate spheroidal perturbations have a similar eccentricity. In the central region, discontinuities in the gas flow across the gas bar may be somewhat sharper. But near corotation, discontinuities in the velocity normal to the spiral arms are not so apparent as in the oval-distortion models.
IV. DISCUSSION AND CONCLUSIONS a) Orbit Theory
The critical dependence of the gas response on the pattern speed of barlike perturbations in the numerical, hydrodynamical models can be understood in terms of particle orbit theory. From the discussion of Paper I, it is evident that gas elements in the numerical hydrodynamical calculations behave like particles on periodic orbits in the epicyclic approximation. In this approximation, period particle orbits on either side of a principal resonance are elliptical in shape. The major axes of these ellipses are orthogonal in neighboring dynamical regions (i.e., on opposite sides of a principal resonance). The amplitude of the epicyclic excursions of periodic particle orbits can be described by the parameter a 3 , defined in Paper I by
#3 can also be written
where p and q are the amplitudes of the r-and ^-components of the perturbing force, is defined by and the intrinsic frequency v is defined by v = -Ioj/k. The sign of a 3 , and hence the orientation of the periodic, elliptical orbits, changes across each principal resonance. When a 3 > 0, periodic particle orbits are aligned along the major axis of the perturbation. When a 3 < 0, particle orbits are orthogonal to the perturbation. The orientation of periodic particle orbits in models I, II, and III can thus be obtained from Figures 5a, 5b, and 5c (plots of a 3 versus r).
The major axes of periodic orbits in the innermost regions of Figures 5a, 5b , and 5c are all aligned with the perturbation. This alignment of perturbed, particle orbits in the central region of a Toomre potential differs from the results of Paper I. In the perturbed, power-law potentials of Paper I, the major axes of periodic particle orbits in the centers of the disks are orthogonal to the perturbing bar. This 90° phase difference for orbits in the innermost 1978ApJ. . .221. .521H If gas behaves like particles on periodic orbits far from resonance, then gas orbits must bend smoothly and continuously across the principal resonances in order to prevent gas streamlines from crossing. The orientation of such orbits in the vicinity of a principal resonance can be obtained from an examination of particle orbit theory. Our analysis (see Huntley 1977) shows that the initial orientation of periodic particle orbits at inner resonance is ± 45° from the major axis of the perturbation. The actual sign (i.e., + or -) of this initial 45° orientation for orbits at inner resonance is determined by direct numerical integration of the fully nonlinear orbit equations including a small damping term to compensate for the growth of the perturbation amplitude at resonance.
In the case of power-law rotation curves (Paper I), damped orbits at inner resonance are aligned at -45° with respect to the major axis of the perturbation. This orientation ensures that the gas response will be in the form of trailing spiral waves. For the Toomre rotation curves in this paper, the situation is more complex. In the case of high Q p (model III), there is no inner resonance and the gas orbits interior to corotation are aligned along the perturbation axis (see Huntley 1977, Fig. 21b) . But in the case of low (model I), there are two inner resonances, and damped orbits at both inner resonances are aligned at -45° with respect to the major axis of the perturbation (Huntley 1977 , Fig. 21a ). The crowding of gas orbits resulting from these (-45°) alignments at the inner resonances produces a barlike distribution of gas at roughly -45° with respect to the major axis of the perturbation. In this case (model I), trailing spiral structure begins somewhat abruptly beyond the outer of the two inner resonances. Hence in comparing the density distribution of the hydrodynamical models with the orientation of damped particle orbits, it is apparent that gas orbits at resonance resemble damped particle orbits. Since the phase of the gas response to barlike perturbations depends on the behavior of gas orbits in the resonance regions, the number and the spacing of the principal resonances determine the character of the global response of the gas to barlike perturbations in the disk. What, then, is the nature of the damping encountered by gas elements in the resonance regions of the model galactic disks? Two important mechanisms by which gas elements interact are pressure and viscosity. Although the magnitude of the viscous forces is difficult to estimate accurately in the "beam scheme" hydrodynamics, it is clear that viscous forces dominate the pressure forces in regions of high gas density. More significant evidence concerning the possible sources of damping for gas orbits near resonance is provided by the Lagrangian hydrodynamics of Sanders (1977) . His hydrodynamical calculations include no forces involving gas pressure or shear viscosity. The only particle interaction allowed in Sanders's Lagrangian dynamics is a bulk viscosity. Above a critical value for the bulk viscosity, Sanders obtains a gas response to a rotating oval distortion identical (within the limits of resolution) to that presented in model III (see Sanders 1977, Fig. la) .
Hence it can be concluded from our study in conjunction with Sanders (1977) that in the presence of viscosity sufficient to prevent gas streamlines from crossing, a gaseous disk responds to a barlike stellar perturbation by forming a central gas bar with two trailing spiral waves. The local phase of this gas response is a function of the axisymmetric rotation curve and the pattern speed of the perturbation, i.e., a function of the number and the spacing of principal resonances in the disk. It should be emphasized here, as in Paper I, that the spiral arms generated in these numerical hydrodynamical models are not material spiral arms, nor are they self-gravitating density waves in the sense of Lin and Shu (1964) . These spiral arms are waves which result from the crowding of gas orbits produced by the gradual turning of damped orbits across a principal resonance.
b) Barlike Perturbations
The forces resulting from the oval distortion and from the prolate spheroid differ in two ways. First, the relative strength of the oval distortion is greatest (approximately 207 o of the local axisymmetric force) at the center of the disk while that of the prolate spheroid is greatest (approximately 507, °f the local axisymmetric force) near the ends of the bar. Second, it is evident from Figure 6a and 6b that the eccentricity of the potential contours is greater for the prolate spheroid. The prolate spheroid used in model IV is an effectively stronger and narrower bar than the oval distortion. The prolate spheroidal bar is effectively narrow enough to produce long, straight, and offset shocks.
The shocks in the prolate spheroidal model are offset in the sense that they lie along leading edges of the rotating gas bar. The gas encounters the shock after passing through the minimum of the prolate spheroidal potential. This result is analogous to the phase shift of the gas density maxima in the fully nonlinear response of rotating disks to spiral perturbations (Roberts 1975) . Hence, it appears that the dust lanes observed in barred spiral galaxies may be tracers of offset shocks produced by narrow, barlike (stellar) perturbations in rotating disks of gas. Sorensen, Matsuda, and Fujimoto (1976) have also investigated this explanation for the origin and maintenance of the dust lanes observed in central regions of barred galaxies. Their models employ a similar rotation curve and prolate spheroidal perturbations of similar strength to those of model IV. For cases in which the gas and stellar bars are roughly aligned, the primary features of the gas response in their numerical models show a general agreement with the present results. However, there are two important differences. First, they used a wider bar (ajc = 2-3 compared with ajc = 4 in model IV) than the bar in the present prolate spheroidal model. Second, they employed a different numerical technique and different boundary conditions and obtained a lower effective resolution. These two important differences enter the results of Sorensen, Matsuda, and Fujimoto (1976) by obscuring the appearance of shocks in their gas density distributions and their velocity-vector diagrams. We find that the formation of such shocks is governed to a large extent by the relative strength and the effective axial ratio of the perturbing, barlike potential (see Roberts, Huntley, and Lin 1978) . Furthermore, the visibility of these shocks in numerical hydrodynamical calculations depends critically on the resolution of the numerical scheme.
Several of the present hydrodynamical models, as well as those of Sorensen et al., display secondary gas features in the general vicinity of the corotation resonance. It is likely that these secondary features result from the presence of ultraharmonic resonances in the disks ( § II; see also Shu, Milione, and Roberts 1973 and Woodward 1975) . In particular, the positions of these secondary features (see Table 1 ) suggest that they are associated with the « = 2 ultraharmonic resonance. Figures la, lb, and Ic illustrate how the positions of these features decrease in distance from the center of the disk and how the relative strength of these features increases as a function of increasing D p .
It may be concluded from this discussion that in addition to the locations of the principal resonances, the response of rotating disks of gas to barlike perturbations may also depend to some extent on the locations of the ultraharmonic resonances and on the effective axial ratio of the bar. In particular, a high axial ratio may be crucial in producing the narrow, offset dust lanes observed in barred spiral galaxies. 
